ABSTRACT: Single-molecule super-resolution fluorescence microscopy conducted in vitrified samples at cryogenic temperatures offers enhanced localization precision due to reduced photobleaching rates, a chemical-free and rapid fixation method, and the potential of correlation with cryogenic electron microscopy. Achieving cryogenic super-resolution microscopy requires the ability to control the sparsity of emissive labels at cryogenic temperatures. Obtaining this control presents a key challenge for the development of this technique. In this work, we identify a red photoactivatable protein, PAmKate, which remains activatable at cryogenic temperatures. We characterize its activation as a function of temperature and find that activation is efficient at cryogenic and room temperatures. We perform cryogenic super-resolution experiments in situ, labeling PopZ, a protein known to assemble into a microdomain at the poles of the model bacterium Caulobacter crescentus. We find improved localization precision at cryogenic temperatures compared to room temperature by a factor of 4, attributable to reduced photobleaching. S uper-resolution fluorescence microscopy is a powerful technique to specifically label cellular components of interest and observe their spatial organization with ∼20−40 nm resolution.
S
uper-resolution fluorescence microscopy is a powerful technique to specifically label cellular components of interest and observe their spatial organization with ∼20−40 nm resolution. 1 This resolution enhancement beyond the ∼250 nm diffraction limit has provided a wealth of new biological insight. In single-molecule variants of superresolution microscopy, such as PALM or STORM, the localization precision of a single emitter is inversely proportional to the square root of the number of collected photons before photobleaching occurs. 2 It is well-known that the photobleaching rate for many fluorescent proteins and small molecules is decreased at cryogenic temperatures, allowing for the collection of more photons and therefore enhanced localization precision. 3 Additionally, with vitrified sample preparation based on rapid plunge freezing, cryogenic superresolution offers a superior alternative to chemical fixation, and the images produced can be correlated with cryogenic electron microscopy. 4 The decreased photobleaching rate has already been used to great success in sparse single-molecule cryogenic studies to achieve subnanometer localization precision. 5, 6 However, unlike in single-molecule studies, super-resolution imaging requires a high labeling density and control of the emitter concentration. The majority of the fluorescent labels at any given time must be in a nonemissive state, allowing the point spread function of the few labels in an emissive state to be observed and localized free from overlap of neighboring emitters. The ability to actively control the emissive state of fluorescent labels at cryogenic temperatures, where thermally activated pathways are absent, presents a key challenge to the development of cryogenic super-resolution imaging.
To date, few fluorescent proteins and no small molecules have been reported to possess robust control mechanisms for activation at cryogenic temperatures. 4,7−9 Little characterization has been reported of how well these activation mechanisms function at cryogenic temperatures compared to their function at room temperature (RT), and conflicting reports exist on the activation capability of certain fluorescent proteins. 4, 9 In this work, we identify PAmKate, a red photoactivatable protein, 10 as maintaining robust activation at cryogenic temperatures. We characterize its activation efficiency at 77 K and demonstrate its potential for cryogenic super-resolution experiments in the model bacterium Caulobacter crescentus.
PAmKate is the photoactivatable derivative of the monomeric fluorescent protein mKate, 10 which itself was derived from TurboRFP. 11 Recombinant PAmKate protein was isolated from BL21 Escherichia coli (Addgene plasmid #32691). 10 The cryogenic excitation and emission spectra of isolated and photoactivated PAmKate are shown in Figure 1A . The 628 nm emission peak at RT shifts to 616 nm at 77 K, with a concomitant narrowing of the line widths at 77 K, showing the vibronic shoulder which is not discernible at RT.
The exact photoactivation pathway for PAmKate from its dark state to its active state is unknown. However, the mechanism is suspected to consist of a transition from a neutral DsRed-like chromophore to its anionic fluorescent form following deprotonation and decarboxylation induced by absorption of 405 nm light. 10, 12 It is unclear whether this proposed mechanism applies at cryogenic temperatures; however, PAGFP has been shown to activate at cryogenic temperatures 4 and is proposed to have a similar mechanism of activation and chromophore structure to PAmKate. 12 Crystal structures of the inactive and active PAGFP (PDB 3GJ1, 3GJ2) show little rearrangement of the overall protein structure during activation. 13 While it is likely that large structural rearrangements on the excited state manifold hinder activation at cryogenic temperatures, it is not clear that large rearrangements are always prohibited or that rational fluorophore choices can be made based solely on such rearrangements. For example, PAmCherry, which is known to rely on a cis−trans isomerization when transitioning into the bright state at RT, 12 has been reported as nonphotoactivatable under cryogenic conditions. 4 The isomerization in its activation pathway involves large structural rearrangements for both the fluorophore as well as the surrounding amino acid residues.
14 However, work on the reversibly photoswitchable fluorescent protein Padron demonstrated a cis−trans isomerization at 100 K and suggests that, instead, a solvent-mediated protonation of the chromophore prevents its activation below the protein glass transition temperature of 180 K. 15 Given the potential for thermal barriers in the activation process, it is informative to determine the activation efficiency at cryogenic temperatures compared to RT. In addition to PAmKate, we tested PAGFP and PAmCherry to provide a positive and negative control, respectively. We developed a two part assay to determine the activation efficiency at cryogenic temperatures for the three proteins. First, the brightness of single emitters at RT and 77 K was characterized. Second, the fluorescence intensity change upon activation was assessed at RT and 77 K. The intensity change was then scaled by the brightness of single emitters to quantify the number of emitters per unit area activated for a given activation pulse.
To assess single-emitter brightness, nanomolar concentrations of preactivated purified protein (SI) were mixed 1:4 v/v with 1% MOWIOL 4-88 (Polysciences Inc.) in nanopure water, dropcast onto glow-discharged electron microscopy grids (Electron Microscopy Sciences CF200F1-Cu) and airdried. These grids were imaged on a cryostage (Linkam Scientific CMS196) using a long working distance objective (Nikon CFI TU Plan Apo 100x/NA0.9) mounted on a custom upright microscope first at RT and then at 77 K. Fluorescence images were recorded with an EMCCD camera (Andor iXon) and the brightness of single emitters was measured at both temperatures. Excitation was performed using 488 nm light for PAGFP and 561 nm light for PAmKate and PAmCherry (CrystaLaser). Excitation powers were kept low (∼100 W/cm 2 ) to avoid sample heating. In all cases, the average brightness of single emitters varied by less than 25% between 294 and 77 K ( Figure S1 ).
To characterize the photoactivation, BL21 cells expressing each protein in the cytoplasm were imaged at RT and at 77 K. Cells were induced for 3 h with either 1 mM IPTG or 1% arabinose to express the respective proteins. A 3 μL aliquot of each cell culture was plunge frozen (Gatan CP3) on holey carbon electron microscopy grids (Quantifoil R2/2 on Cu G200F1) for imaging at 77 K, and another similar sized aliquot was placed on an agarose pad for imaging at RT. During fluorescence imaging, the cells were activated with 50−500 ms pulses of 405 nm light (Coherent Obis) at 5−15 W/cm 2 . For each protein, the activation conditions were kept uniform between temperatures. The number of activated proteins per unit area was determined from the change in intensity upon activation scaled by the average single-emitter brightness determined earlier in the in vitro assay. Figure S2 shows a representative activation of PAmKate at 77 K and the workflow for the activation assay.
While PAmCherry shows no significant photoactivation at 77 K, the activation efficiencies of both PAGFP and PAmKate at 77 K are comparable to their efficiency at RT ( Figure 1B and Table S1 ). This finding suggests that, following absorption of 405 nm light, there is no subsequent large energy barrier in the process of activation for either PAmKate or PAGFP.
To test the applicability of PAmKate for cryogenic superresolution fluorescence microscopy, we created its fusion with a previously characterized protein, PopZ, in the bacterium Caulobacter crescentus. PopZ is known to accumulate at the poles of C. crescentus as scaffolds with size scales below the diffraction limit.
16,17 C. crescentus cells expressing inducible PAmKate-PopZ fusions (SI) were induced with 0.3% xylose for 3 h during log phase. A 3 μL volume of cell culture was plunge frozen on a holey carbon finder grid and imaged using the cryogenic microscope described above. The 561 nm light used for fluorescence readout was maintained at 100 W/cm 2 to avoid sample devitrification. Photoactivation was performed with 10 W/cm 2 of 405 nm light for 100 ms approximately every 64 s. 10 000 frames were acquired at 1 Hz over the region shown in Figure 2 and Figures S3 and S4 .
Owing to reduced photobleaching at cryogenic temperatures and the limited excitation intensities used, individual PAmKate proteins remained in the fluorescent state for many seconds or minutes. Due to these long on-times, the 1 s frames could be binned into 5 s frames following removal of activation frames and drift correction (Movie S1 and Figure S5 ). These binned data were processed using ThunderSTORM, an ImageJ plugin (SI). 19 Figure 2A shows a 2D histogram (red) of the number of localizations overlaid on top of a white light image of the same field of view. Because each PAmKate has many onframes, this representation severely overcounts the number of emitters. Therefore, localizations were grouped based on their proximity in time and space (SI). These grouped localizations are our best estimate of individual emitter locations and are represented as gold circles in Figure 2B . An exact spatial extent of the PopZ domain is difficult to ascertain from the sparse localizations displayed in Figure 2B . However, the domain size is consistent with previous electron microscopy 16 and superresolution 17 data that suggest the domain is a 100−300 nm hemispherical region. The emitters represented by the gold circles show single-step bleaching dynamics ( Figure 2C,D) , as expected for single proteins. Incredibly, under these conditions, single proteins can be emissive for up to 20 min before photobleaching, allowing 1.6 million photons to be collected, yielding a localization precision of 0.8 nm as measured by 
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Communication taking the standard error of the mean of molecular positions over all frames in which the molecule was detected (SI). At these extreme length scales, numerous effects that are not yet rigorously accounted for in this work will influence the accuracy of the localization. For instance, optical aberrations, camera pixel heterogeneity, 20 and even the distance between the probe and the protein of interest can all cause systematic errors on the nanometer scale. While fixed dipole orientation is known to cause significant systematic localization errors for molecules displaced from the focal plane, 21 in the case of the low NA collection optics used here and near-in-focus imaging through the low index material, this effect is negligible. 5 For comparison of localization precision, the same C. crescentus strain was imaged on agarose pads using a conventional super-resolution setup at RT (SI). Excitation at 561 nm was performed at 240 W/cm 2 and activation was achieved with one second pulses of 405 nm light at 20 W/cm 2 (Movie S2). Figure S6 shows the RT super-resolution reconstruction for a field of view containing several cells. Localizations were again grouped (SI), and the distribution of collected photons and the resulting localization precision per grouped emitter are shown in Figure 3 for both RT and 77 K data sets. Because emitters were typically only on for a single frame in the RT data, the localization precision was calculated rather than experimentally determined by the standard error of the mean position as in the 77 K data set. 22 The average number of collected photons per grouped PAmKate localization improved 20-fold under cryogenic conditions despite the reduced NA of the air objective. Consistent with this increase in photons, localization precision improved more than 4-fold. For approximately 8% of the PAmKate molecules at 77 K, more than 100 000 photons were collected. For these high photon emitters, the average localization precision was just 1.4 nm.
While this localization precision may be impressive, the long on-times of single molecules at 77 K also pose a challenge for conducting cryogenic super-resolution imaging. These long ontimes make it likely that multiple molecules emit simultaneously in the same diffraction limited volume, resulting in overlapping PSFs from multiple emitters. Avoiding this problem requires careful modulation of excitation and activation parameters and, in general, slow imaging and drift reduction. While some amount of overlap may be managed computationally, future ideal fluorophores for cryogenic singlemolecule imaging will require improved control mechanisms for both directions of the transition between off and on states within the constraints on illumination intensity required to prevent sample devitrification. This improved control will help prevent overlapping emitters and enable increased sampling density. Despite these current limitations, this method provides enhanced localization precision beyond RT super-resolution and does so in a manner compatible with cryogenic electron microscopy. Future correlative studies will be able to use PAmKate fusions to specifically mark molecules of interest, providing a ground truth identification of a position with a precision comparable to that of cryogenic electron microscopy resolution. 
